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EFFECTS OF SELECTED TRAJECTORY PARAMETERS ON WEIGHT 
TRENDS IN THE SHUTTLE THERMAL PROTECTION SYSTEM 
By Donald 14. C u r r y ,  James X. Tolin,  Jr., 
and Winston D. Goodrich 
Lyndon B. Johnson Space Center 
SUMMARY 
A computer program was developed t o  compute thermal protect ion sys- 
t e m  weights f o r  given input entry conditions. An empirically derived 
heating model that includes laminar, t r ans i t i ona l ,  and turbulent  heating 
correlat ions 88 functions o f  angle of a t tack,  free-stream veloci ty ,  and 
free-stream density was obtained from a f i rs t -order  extrapolation of wind 
tunnel da ta  t o  f l i g h t  conditions. A unit area weight correlat ion f o r  a 
reusable surface insulat ion w a s  developed as a function of l oca l  heat 
load and entry t i m e .  The heating model, t h e  thermal protection system 
correlat ion methodology, and a four-degree-of-freedom tra- .ctory inte-  
grat ion program were combined t o  develop a thermal protection system 
t r a j ec to ry  computer progre:. . 
t yp ica l  de l t a  wing Space Shut t le  Orbi ter  t o  predict  t he  thermal protec- 
t i on  system weight t rends with entry parameter var ia t ions.  The results 
of t h i s  spec i f ic  study are described. 
Analytical  s tud ies  were performed for a 
INTRODUCTION 
The design and development of a minimum-weight thermal protection 
system ('ITS) f o r  the Space Shuttle are required t o  mininiize weight and 
cost  and t o  allow maximum payload capabili ty.  However, t h i s  development 
requires an optimum blend of material select ion and system design, and 
t h i s ,  i n  tu rn ,  is strongly dependent on the  severi ty  and duration of the 
aerothermodynamic environment experienced by the  TPS. The procedure fo r  
obtaining au optimum blend of t he  2esign paramete- .i that minimize TPS 
weight within spec i f ic  operational constraints  i s  described i n  the  fol-  
lowing paragraphs. Emphasis i s  placed on the gross t rends of t h e  re- 
sults as t he  operational constraints  are allowed t o  vary, ra ther  t h a n  
on the  absolute value of t he  resu l t ing  TPS weights. The results of t h i s  
study should not be applied t o  absolute TPS weights f o r  vehicles t h a t  do 
not conform t o  the  spec i f ic  design methodologies used i n  t h i s  study. 
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To blend the  technologies required t o  perform this study, a computer 
program w a s  developed t o  determine the  optimum ent ry  t r a j ec to ry  in  re la-  
t ion  t o  the  Space Shut t le  TPS weight. 
compute TPS weights f o r  given input entry t r a j e c t o r i e s  o r  f o r  t ra jec to-  
r i e s  defined by non-TPS c r i t e r i a  such as equilibrium gl ide ,  acceleration 
limit , or other prescribed control logic .  
The program can a lso  be used t o  
To apply the "PS design and aorothermodynamic-environment predic- 
t i o n  nethodologies t o  the complete Shuttle/Orbiter , the  outer surface 
area of a typ ica l  de l t a  wing Space Shut t le  Orbiter (JSC-040A) was divided 
in to  20 surface panels. 
and its environment, only one symmetrical ha l f  of t he  7ehicle  was neces- 
s a r y  t o  perform this study. 
Because of t h e  assumed q ' m e t r y  of t he  vehicle 
An average surface heat transfer rate environment was specif ied fo r  
each panel. Laminar, t r ans i t i ona l ,  and turbulent heat transfer r a t e s  
were specif ied as M c t i o n s  of vehicle angle of a t tack,  free-stream 
veloci ty ,  and free-stream density. These heating r a t e s  were obtained 
from a f i rs t -order  extrapolation of normalized wind tunnel data  t o  f l i g h t  
conditions. Increases i n  local heating rates due t o  t r ans i t i ona l  and 
turbulent boundary layers  were computed as functions of the  Reynolds 
number per  meter behind a normal shock. C r i t i c a l  values of t he  Reynolds 
number per meter behind a normal shock causing the onset of t r ans i t i ona l  
and f u l l y  turbulent flaw were assigned t o  each surface panel. 
vironmental prediction procedure was su f f i c i en t ly  accurate f o r  t h i s  
study because the  uni t  area TPS weight of a panel i s  proportional t o  the  
one-eighth power of t h e  panel unit area heat load. 
This en- 
Unit area weight correlat ions f o r  t he  reusable surface insulat ion 
(RSI) were developed as a function of l oca l  heat load and entry time. 
Weights of the sarface coating and adhesive bond system were included 
i n  the TPS weight caiculation procedure. A TPS computer program w a s  
used t o  calculate the  RSI thickness required t o  maintain prescribed 
bondline temperature limits a f t e r  the  i n i t i a t i o n  of the entry phase. 
This report describes the  ana ly t ica l  heating model, TPS correla- 
t i o n  methodology, and t r a j ec to ry  analyses t h a t  have been used in  develop- 
ing the  TPS t r a j ec to ry  computer program. 
SYMBOLS 
A 
cP 
2 surface panel &-ea, meters 
spec i f ic  heat ,  joiLes/kilogrem-kelvin 
3 
average slope of unit weight W/A curves ( f i g .  3)  
c1 
C 2 ( t )  the abscissa  in te rcept  ( f ig .  3) f o r  W/A values of zero 
C3, C4 values defined i n  equation (12)  
K thermal conductivity , watts/meter-kelvin 
total heat , joules/meter 2 Q 
2 6 
Re Reynolds number 
T temperature, kelvln 
t heating time, seconds 
V veloci ty ,  mters/second 
heat flux rate , watts/centimeter 
2 
W/A 
a angle of a t tack ,  degrees 
Y f l igh tpa th  angle, degrees 
E emissivity 
weight of insu la tor  per un i t  area,  kilograms/meter 
2 
P viscos i ty  , newton-secona/meter 
3 P density,  kilograms/meter 
U Ste f an-Bo1 t zmann constant 
Sabscripts : 
i location 
L l oca l  
l m  laminar 
4 
ns conditions behind normal shock 
ns/m 
re f  reference,  0.305-meter-radius sphere 
S sea level 
t r a n s  t r a n s i t i o n  
turb turbulen t  
m free stream 
per  meter behind t h e  normal shock 
ANALYTICAL METHODS 
The TPS t r a j e c t o r y  computer program contains aerothermodynamic heat- 
ing  re la t ionships  and !ITS weight cor re la t ions  t h a t  have been incorporated 
i n t o  a four-degree-of-freedom t r a j e c t o r y  computer program. 
t i ons  used i n  these  analyses and t h e i r  va l ida t ion  are discussed i n  the  
following sect ions.  
The assump- 
Aerothermodynamic Heating Methodology 
The outer  surface area of a t y p i c a l  delta wing Space Shut t le  Orbiter 
The areas and average configuration w a s  divicLed i n t o  20 panels ( f i g .  1). 
aerodynamic heating da ta  f o r  each of  t he  20 panels are given i n  taXe I. 
The heat ing da ta  given i n  table I represent laminer heat ing r a t e s  nor- 
malized by t h e  s tagnat ion point  heat ing r a t e  on a ,305-meter-radius 
sphere. 
from tes t  data that  were averaged over t h e  areas occupied by the  panels. 
Trans i t iona l  and f u l l y  turbulent  boundary layer heat ing rates are pre- 
ser:ted as a function of the Reynolds nunbar behind a normal shock. This  
rel'erence Reynolds number w a s  used i n  an effort t o  eccount f o r  the e f f e c t s  
of real gas flow on the flow f i e l d  at f l i g h t  conditions. C r i t i c a l  values 
of t h e  Reynolds number from t h e  onset of t r a n s i t i o n a l  flow have been 
approximated from l imi t ed  turbulent  flow data on the  Shut t le  ( r e f .  1). 
For the  purpose of t h i s  study, these  heating r a t e s  were obtaic.  3 
5 
The heating rates and temperatures on any one panel will be deter- 
Laminar 
mined by t h e  state of the boundary l aye r  ( i .e. ,  laminar o r  tu rbulen t ) ,  
the  angle of  attack, and t h e  free-stream density and veloci ty .  
heat ing rates are computed as 
where values of 4 /4 are obtained from t h e  data i n - t a b l e  I and 
"Ire f 
l a m  ref 
from reference 2. 
3.15 
Qref 
ex- /m mer! the  Reynolds number per  meter behind the normal shock 
ceeds t h e  value of Re,s,m on a given surface panel, the  heating ( ' t ub  
rate i s  assumed t o  be tha t  from a turbulent boundary l aye r  and i s  com- 
puted as 
where 4 14 is obtained from table I ,  Qef is crmputed w i t h  
equation (2), and the approximbtion f o r  t&urb/ilm i s  represented by 
lam ref 
6 
0.3 Re 
When the  computed Reynolds number per  meter behind t h e  normal shock i s  
between the  values of and Rens/ni , the boundary 
layer  i s  t r ans i t i ona l ;  and the heating r a t e s  can be presented by a l i nea r  
interpolat ion between t h e  laminar and turbulent heating rates. 
)turb 
and %urb where 4,- 
example, the values of  
f o r  panel 1 are 108 000 
are computed from equations (1) and ( 3 ) .  For 
from tab le  I 
and 162 000, respectively.  
The t r a j ec to ry  computer program incorporates an option f o r  select-  
ing one of two methods for  computing t h e  Reynolds number behind a normal 
shock. In one case, t he  Reynolds number is computed as 
where the  v iscoAty  p 
by using equilibrium real gas tfermodynamic and t ransport  propert ies .  
I f  knowledge of t he  flow propertiea behind the normal shock i s  not avail-  
able, the second program option is used t o  compute the Reynolds number 
f o r  use i n  the heating rate calculat ions of equations ( 4 1 ,  ( 5 1 ,  and ( 6 ) .  
I n  t h i s  case,  the  Reynolds number pe r  meter behind the normal shock is 
approximated by t h e  relat ionship 
of the air i s  calculated behind the normal shock 
7 
Equilibrium panel surface temperatures can now be computed from the  
re lat ionship 
0.25 
Ti ( 9 )  
Qi where ii i s  the panel heating rate. Final ly ,  penel heat loads 
are obtained from 
Weight Correlation Methodology 
The TPS weights are dependent on the  aerothermodynamic heati. 
vironment (laminar/turbulent flow) and the  en t ry  t r a j ec to ry  (crb't 3~ d- 
tude and incl inat ion,  entry range, and entry f l igh tpa th  angle) .  
el iminate the  necessity of performing de ta i led  s iz ing  of a TPS f o r  eech 
entry t r a j ec to ry  flown, a concise semiempirical method w a s  developed t o  
determine required RSI thickness over a wide raqze of entry t r a j ec t c ry  
variables.  S. A. Mezines develoged a similar t e c h n i p e  ( ref .  3 )  t o  e c -  
t imate ablator  weights. 
Q and heating t i m e  t of t h e  entry t r a j ec to ry  could be used 1,- . ac t ,  
ablat ion TPS weights. Since the Shut t le /Orbi ter  entry guidance opzrbtes 
i n  d constant heating rate mode during. t h e  t i m e  of s ign i f icant  heating, 
t h e  entry environment is s i m i l a r  t o  t h e  constant heating tes t  conditions 
i n  Mezines' analysis.  Thus, the s m e  correlal'.on parameter (qt3) 
was wed t o  develop a TPS-RSI un i t  weight correlat ion fo r  Orbiter en t r i e s .  
To 
For an abla t ive  slab subjected t o  a cc' + 
heat reke, Mezines found t h a t  a, correlat ion which used t o t a l  hc J 
1/ 8 
- 
Five Shut t le  entry t r a j ec to r i e s  were used t o  develop a correlat ion 
c,' RSI uni t  weight as a function of heat load and entry time. These 
t r a j ec to r i e s  represented entry ranges of  6802 t o  15 442 kilameter:, 
t ra jec tory  en5x-y times of 31 t o  56 minutes, and t o t a l  reference heat 
0 2 loads (0.305-meter-radius sphere) of 7.65 x 10 t o  i4.02 x 10' J / m  . 
The RSI un i t  weight correlat ions were computed s i n g  pressure and tem- 
perature dependent propert ies  (table 11). For t h i s  study, the TPS con- 
f igurat ion ( f i g -  2)  consisted of POI bonded t o  an aluminum s t ruc ture  and 
8 
was thermally modeled as a tnree-layer system (RSI,  adhesive bocd, and 
aluminum). The model was assumed t o  be at 330 K a t  .,he sta-:  of entry 
with an adiabatic boundary condition inposed on the aluminum back surface 
1/ b 
during entry. C-~rves D ?  H S T  u n i t  weight as a funct.ion o f  9 3 )  
were developed f o r  ti.e t r a j e c t o r i e s  ummarized i n  t ab le  111. By using 
a TPS weight computat ioii program (isef. 41, optimized RSI thickresses were 
calculated with a h)+2 K msxinun aluminum s t x c t u r e  temperature constraint  
and at? RSI I;linimum material  thickness of 0.648 centineter.  
correlat ion parameter ( t i reduces the  RSI u n i t  weight data t o  a 
series of‘ almost s t r a igh t  l i n e s  from which &i empirical relationship was 
developed. 
Mezines’ 
118 
u 
The btisic re la t ionship developed from these curves i s  
where C1 represents an average slope of t h e  un i t  weight W/A curves 
plot ted i n  f i g w e  3 and 
the  t i m e  from en%-.* in t e r f ace  t o  t h e  pa!” t a t  the end cf entry when t h e  
‘:*(t) represents a re la t ionship involving only 
2 reference h e a t i q  d i e  is  22.7 bW/n . Asswing t h a t  
w!icre C , ( t )  i s  defi-ned as the  abacissa in te rcept  f o r  V I A  values o f  
zem, cmbining equations (11) and (12) y i d d s  the bcsic  re la t ionship 
for  predicting RSI uni t  weight 
L 
(W/A),nI * \d = C1 ( &zt 3 y 8  + C 3 ( t  - to) + c4 
9 
Using the TPS moilel just  described and the  un i t  weight curves of f ig-  
ure 3, the  following re la t ionship  was obtained 
In computing W/A frm equation (141, t h e  minimum W/A value on any 
panel i s  limited t o  1.528 kg/m (0.648-centimeter minimum RSI th ickness) .  2 
The t o t a l  !ITS weight f o r  t he  Orbiter is determined by summing the  
weight of each surface panel as follows. 
20 
Tota l  TPS weight =E Ai(W/AIi (15) 
i=l 
In addition t o  the  RSI un i t  weight, surface-coating and adhesive-bond 
unit weights m u s t  be included i n  the t o t a l  TPS weight calculat ion o f  
equation (15 1. 
Trajectory Analyses 
Trajectory model. - The data presented i n  t h e  subsequent sec t ions  
w e r e  obtained by using a four-degree-of-freedom t r a j e c t o r y  in tegra t ion  
program t h a t  incorporated a closed-loop en t ry  guidance meth3d. 
Down-range cont ro l  is provided by modulating the  r c l l  angle,  and 
cross-range cont ro l  is  provided by cont ro l l ing  t h e  d i rec t ion  of tho, r o l l  
aiigle. 
and i s  divided i n t o  t h r e e  phases: t h e  constanL heat r- ';e phase, the 
equilibrium gl ide  ranging phase, and t h e  constant-g raryl,i.:g phase. 
The r a l l  control l og ic  is  based on ana ly t i ca l  rangc predict ions 
2 The constant hea t  rate phase begins at  0.49 m/sec and i s  used t o  
This phase i s  terminat-d s t a b i l i z e  the  t r a j e c t o r y  at pul lout  (y  = 0). 
wher. t he  current veloci ty  is  less than 7620 m/sec. 
glide ranging phase computes the  r o l l  angle (based on f ly ing  an equi l ib-  
rium giide p r o f i l e )  required t o  n u l l  t he  range e r ro r s .  
fe r red  t o  t he  constant-g ranging phase when the current load f ac to r  i s  
s r p a l  t o  the constant-load-factor level required t o  reach t h e  t a rge t  
The equilibrium 
Control is  t rans-  
1 0  
2 (14.7 m/sec ). 
constant-g level required t o  nul; the  range er rors  and converts t he  de- 
s i r e d  constant-g level in to  a roll angle command. 
t o  the  t r ans i t i on  log ic  at Mach 6. 
The constant-g ranging phase computes the. desired 
Control i s  t ransfer red  
The da ta  are based on the  JSC-04CA delta wing Space Shut t le  Orbiter 
Although the  JSC-040A i s  aerodynamics and a weight of 6 3  502 kilograms. 
no longer the  basel ine conf ig ra t ion ,  it is a representative Orbiter 
delta configuration. 
analyses. 
Space Center. 
The 1962 standard atmosphere w a s  used f o r  a l l  
The t r a j ec to r ios  were targeted t o  the  NASA John F. Kennedy 
Targetin%.- The deorbit  w a s  nominally targeted t o  achieve the  entry 
target l i n e  presented i n  figure 4. The deorbit a t t i t udes  were selected 
t o  provide the  deorbit veloci ty  increment along the  l o c a l  horizontal. 
The nominal entry range was selected f o r  each case by biasing the e n t r y  
range from the  minimum achievable entry range. 
entry range is  based on either a 1644 K temperature l i m i t  at a point 
12.5 percent aft of the  nose on the  underside center l ine (panel 1) o r  
on a 2.5g load-factor l i m i t ,  XWichever results i n  the longer entry range. 
The constant angle-of-attack en t r i e s  are consli=S?.wi by t h e  temperature 
limit, and the  variable angle-of-attack en t r i e s  are constraineci Li- +,he 
load-factor l i m i t .  
The minimum achievable 
The nominal t a rge t  is biased so that the nominal entry range i s  
1111 kilometers grea te r  than the minimum achievable entry range. This 
b ias  was selected so t h a t  navigatlon, atmospheric, and aerodynamic dis- 
persions t r i l l  not result i n  temperature o r  load-factor constraint  viola- 
t ions.  The TPS weieht, maximum load fac tor ,  and maximum panel 1 
temperature are presented i n  figure 5 as a function of entry range for 
a t y p i c a l  set of  entry conditions. The nominal entry range is  prestnted 
i p  figure 6 as a function of o rb i t  a l t i t ude  and inc l ina t iaq  f o r  consl;ant 
and variable angle-Qf-attack entry prof i les .  In general, t h e  t rend  i s  
for range t o  increase as orb i t  a l t i t ude  and inc l ina t ion  increase; t h i s  
t rend reverses, however, at lower incl inat ions.  The reversal  i s  caused 
by the oblateness e f f e c t  associated with er.try l a t i t ude  at low 
incl inat ions 
RESULTS OF DELTA WING ORBITF,i  STUDY 
Results of the  JSC-OhOA d e l t a  w i n g  Space Shuttle Orbiter study are 
presented t o  show the  e f f ec t s  of  entry t ra jec tory  parameters on t h e  TPS 
weight. The ' ITS includes an RSI characterized by a 1644 K surface t e m -  
perature l i m i t ,  except f w  the  surface leading edges t h a t  have a higher 
temperature l i m i t .  
11 
The TFS e i g h t  requirements are defined as a function of o r b i t  in- 
c l inat ion,  o r b i t  a l t i t u d e ,  entry range, and en t ry  f l ightpath angle. 
are presented f o r  the constant and variable angleof-attack entry pro- 
files. These p ro f i l e s  were se lec ted  t o  minimize Lhe TPS w e i g h t  uh i l e  
providing a 2222-kilometer cross-range capabi l i ty  at 90' inclination. 
The TPS weights are based on the  hekting and TPS model?: Sscussed  i n  t h e  
section e n t i t l e d  "Analytical Methods. " 
Data 
The e f f e c t s  of o r b i t  incl inat ion,  o rb i t  a l t i t u d e ,  m t r y  ra;lge, and 
Data are presented f o r  o rb i t  a l t i t udes  
entry f l ightpath angle are presented i n  figures 7 -Lo 11 for  the constant 
angle-of-attack en t ry  profiles. 
t h a t  vary from 185 t o  1296 kilometers and f o r  incl inat ions t h a t  vary 
from 28.5O t o  140°. 
t i o n  of o r b i t  incl inat ion and o r b i t  altitude. 
as expected, with TPS weight increasing BS incl inat ion and o r b i t  a l t i -  
tude increase; however, t h i s  t r end  revrrses with lower incl inat ion values. 
This i s  the same e f f e c t  as t h a t  shown i n  figure 6. 
Figures 7 and 8 present TPS weight change as a func- 
The t r end  is  generaliy 
The reference T?S weight was obtained by using an entry t r a j ec to ry  
As t h a t  deorbited from an apogee of 500 kilometers at 5 5 O  inclination. 
shown i n  figure 7, reducing the o rb i t  a l t i t u d e  at this incl inat ion t o  
185 kilometers decreases t h e  TPS weight by 352 kilograms, and increasing 
t h e  o rb i t  a l t i t u d e  t o  926 kilometers increases the  TPS weight by 
590 kilograms. Increasing the incl inat ion from 55' t o  90' for  a 
500-kilometer o r b i t  a l t i t u d e  increases t h e  TPS weight by 340 kilograms. 
Figure 9 presents normalized contours o f  TPS w e i g h t  i n  the  o r b i t  
incl inat ion plane. 
i n a l  range and nonunal f l ightpath angle. 
t o  compensate f o r  dispersions i n  these parameters; hovever, the trends 
noted are d i d .  
It must be noted that  these weights are f o r  t he  nom- 
The TPS w e i g h t  m u s t  be increased 
Figure 10 illustrates the e f f e c t  of en t ry  range M t h e  TPS weight  
f o r  constant 30' angle-of-attack entry prof i les .  These data are f o r  en- 
tries folloving deorbit fraa a 500-kilometer o rb i t  a l t i t ude .  The ref-  
erence point f o r t h e  en t ry  range shown i n  figure 10 is t h e  nominal raxige 
presented i n  f igure 6. 
of TPS weight to  entry range is approximately 0.50 kglkm. 
For a 55' o r b i t  incl inat ion,  the s e n s i t i v i t y  
Figure 11 pres?nts  t h e  e f f e c t  of var ia t ions in ent ry  f l ightpath 
angle on t he  TPS weight f o r  constant 30° mgle-of-attack entry Frofi les .  
Data are presented f o r  a 55' o r b i t  incl inat ion with 185- t o  500-kilozeter 
o r b i t  a l t i t udes .  
The TPS weight for  variable angle-of-attack entry prof i les  is pre- 
sented 8s a r U c t i o n  of o r b i t  a l t i t u d e ,  entry ranlie, and e n t q -  f l i gh t -  
path angle i n  figures 12 t o  14. 
of 55' and 90' and o r b i t  a l t i t u d e s  o? 185 t o  926 ki laneters .  
Data ere presented for  incl inat ions 
12 
Figure 12 shars she e f f e c t  of 
veight. The r e f e x n c ?  zefo weight 
a 55O inclination. Entry at a %lo 
incl inat ion and o r b i t  a l t i t u d e  on TPS 
point is f o r  a 500-kilometer o r b i t  at 
incl inat ion f o r  t h e  same o r b i t  alti- 
tude requires an additional 136 kilograms of W S  weight. 
185-kil01teter o r b i t  ltitude requires 91 kilograms less TPS weight than 
en t ry  fmm a SOO-kiLometer o r b i t  at a 55O o r b i t  incl inat ion.  %try from 
a 926-kilometer o r b i t  a l t i t u d e  requires 102 kilograms more TPS weight 
than entry from a 500-kilometer o r b i t  a l t i t u d e  at this same inclination. 
Entry from a 
Figure 13 presents t h e  e f f e c t s  of en t ry  raage on TPS ueigfit f o r  
5 5 O  and 90° o r b i t  inclinetions.  The reference po in t s  f o r  t h e  entry 
range in these figures is  t h e  nominal ent ry  range presented in f ig-  
ure 6(b).  
0.71 kg/h for t he  variable angle-of-attack en t ry  prof i le .  
illustrates t h e  effect of ent ry  f l ightpath angle on TPS weight f o r  t he  
var iab le  angle-of-attack p r o f i l e  for a 5 5 O  orb i t  incl inat ion and a 
50eki lometer  o r b i t  a l t i t ude .  
The s e n s i t i v i t y  of TPS weight t o  range is  approximately 
Figure 1 4  
Tab le  I V  sunnnnrizes the weight s e n s i t i v i t y  dett mined by t h i s  trade- 
of f  study. 
CONCLUSIONS 
A computation procedure has been developed t o  combine sn empirically 
derived heating model, thermal protection system (TPS) correlat ion meth- 
ooOlogy, and t r a j ec to ry  analysis. %is program can be used t o  compute 
TPS weights for given input entry trejectories o r  f o r  t r a j e c t o r i e s  de- 
fined hy non-TPS c r i t e r i a  such as equilibrium g l ide ,  acceleration l i m i t ,  
o r  a prescribed control logic.  
"his computatioa procedure was applied t o  the Lyndon B. Johnson 
Space Center 040A delta wing Orbiter t o  show t h e  e f f e c t s  of en t ry  tra- 
jec tory  parameters on t h e  Tps weight trends, and TPS weight s e n s i t i v i t y  
coeff ic ients  w e r e  obtained. 
Although t h e  computation procedure developed cannot be used t o  p re -  
d i c t  exact TPS weights, gross trends of the TPS weight can be predicted 
as vchicle operational constraints are allowed t o  vary. 
Lyndon B. Johnson Space Center 
National Aeronautics and Space Administration 
Houston, Texas, January 18, 1374 
9 86-15 - 31-04-72 
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TABLE I.- AERODYNAMIC HEATING RATE DATA FOR THE .*SC-O&OA DELTA UING SRBITEE PANELS 
Panel number 
( a )  
1 
2 
3 
& 
5 
6 
7 
8 
9 
10 
11 
12 
13 
11 
15 
14 
17 
18 
19 
20 
2 
A r e a ,  m 
24.8 
53.h 
75.2 
81 
40.1 
57.6 
38.7 
41.3 
26.9 
6h.2 
88.6 
103.5 
60.3 
49.5 
48.7 
51.5 
h0.9 
t4.9 
27 
2h  
%e figure 1. 
Angle of 
attack, deg 
30 
53 
30 
53 
30 
53 
30 
53 
30 
53 
30 
53 
30 
53 
30 
53 
30 
53 
30 
53 
30 
53 
30 
53 
w 
53 
30 
53 
30 
53 
30 
53 
30 
53 
30 
53 
30 
53 
30 
53 
0.221 
.260 
.o91 
.170 
.&5 
-098 
.065 
.085 
.051 
.a17 
.G31  . O l L  
. G 2 C  
.008 
. GO5 
.005 
.026 
.02b 
-008 
.003 
- 009 
.ow 
.00h 
-004 
.020 
.023 
. l o b  
.156 
.065 
.085 
.033 
.033 
.020 
.020 
.021 
.021 
.025 
.010 
.920 
.016 
100 000 
66 ,-.-.- VU” 
39 000 
20 000 
108 000 
66 000 
134 000 
13b 000 
108 000 
108 000 
108 303 
108 000 
1 3 1  020 
108 000 
b7 000 
134 000 
134  000 
1 1 4  0’0 
108 000 
108 000 
15 
1.337 x 10' U/m2 
, 1.1068 I 10" 
2.1035 
2.7045 
1 
I 
1 6.732 
9.1352 
1 4.5015 
, 
TABLB 11.- PHYSICAL PROPEICPIEG 
[a-taat due. :  o - 2& kg/m3; e = 0.851 
(a) The- conductivity 
1.337 * lo2 U/m2 1.337 N lo3 B/m2 1.331 = 10' It/? 1.013 lo5 rih2 
1.8992 x 10 2.8007 loA 3.2093 x 10" 3.51 * lo-' 
2.3078 3.1012 3.h1 3.726 
2.8968 3.5098 4.6878 5.229 
4.6878 6.01 9.015 10.00 
6 . 9 ~ 5  10.217 14.06 15.63 
9.3756 13.462 18.87 20.91 
1033 
1367 
1644 
200 
uw, 
bo 
500 
544 
Io0 
lo00 
1- 
1605 
300 
632 
829 
980 
1101 
1172 
1 2 3  
1323 
1uo 
16 
1 
TABLE 111.- THE JSC-OkOA ORBITER ENTRY TRAJECTORIES 
Trajectory 
time, 
min : sec 
40 : 40 
34 : 00 
36 : 20 
55 : 40 
31 : 20 
Down range, 
km 
9 692 
6 947 
7 875 
1 5  442 
6 802 
M a x i m u m  
g 
1.5 
1.5 
1.5 
1.5 
2.2 
w/m2 
5 9.56 x 10 
15.39 
11.70 
7.20 
1 7  09 
TABLE 1V.- WEIGIIT SENSITIVITY OF THE TPS 
Parameter I 
a Nominal mission range, km . . .  
TPS weight s e n s i t i v i t y  t o  en t ry  
range, kg/km . . . . . . . . .  
TPS weight s ens i t i v i ty  t o  o r b i t  
b a l t i t ude ,  kg/km . . . . . . .  
TPS weight s ens i t i v i ty  t o  
C inc l ina t ion ,  kg/deg . . . . .  
f l igh tpa th  angle, kg/deg . . .  
TF'S weight s ens i t i v i ty  t o  entry 
a 
Constant 
angle of a t tack 
9112 
0.50 
1.1 
14.7 
912 
%or 55' inc l ina t ion ,  500-km o r b i t  a l t i t ude .  
bAbove 500-km o r b i t  a l t i t ude  f o r  55O incl inat ion.  
Above 55' inc l ina t ion  f o r  500-km o r b i t  a l t i t ude .  C 
J / m 2  
E 10.80 x i o  
8.62 
9.45 
7.65 
14.02 
Variable 
6852 
17 
15 
( 1 2 
I 
I 
Figure 1.- Surface panels o f  a JSC-040A delta wing Orbiter. 
18 
Reusable surface insulation 
Figure  2.- Schematic of the TPS configuration. 
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Figure 3.- The TPS unit weight as a function of total teat load and time. 
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-.4 r 
Entry inertial velocity, km/sec 
Figure 4.- Entry t a rge t  l i n e  ( inc l ina t ion ,  55O; angle o f  a t tack ,  300; 
1962 standard atmosphere). 
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Figure 5 . -  Thermal protection system weight and maximum 
compared t o  range for typical entry (inclination, 550 
angle of attack; orbit altitude, 50@ kilometers). 
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(a)  Constant angle-of-attack entry prof i le .  
Figure 6 . -  Nominal ent ry  range. 
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Figure 7.- Change in  'IF5 Weight 88 a f'uactioa of inclination (angle of attack, 
No; nomind range 1. 
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Figure 8.- Change in TPS weight as 8 Aul-tion of deorbit apogee altitude 
(angle of attack, 30'; nondnal range). 
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Figure 9.- The TPC weight change as a function of orbit altitude and 
inclination. 
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Figure 10.- Change i n  TPS weight as a function of range deviation from nominal 
range (angle of attack, 30°; orbit altitude, 500 kilometers). 
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Figure 11.- Change in TPS weight as a function of entry i n e r t i a l  f l i ghtpath  
angle (inclination, 55’; angle of‘ attack, 30°; nominal range). 
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Figure 12.- Change fn TPS weigkt as a function af orbit altitude (variable 
angle of attack, nominal range). 
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Figure 13.- Change i n  TPS weight as a function of the orbit altitude and the 
range deviation from nominal range (variable angle of attack). 
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Figure 13.- Concluded. 
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Figure 14.- Change i n  TPS weight 88 a function of entry inert ial  f l i gh tpa th  
angle for ri variable angle 04 attack (inclination, 55O; orbit altitude, 
500 kilometers ) . 
